Recent reports of a large anomalous Hall effect (AHE) in ferromagnetic Weyl semimetals (FM WSM) have led to a resurgence of interest in this enigmatic phenomenon. However, due to a lack of tunable materials, the interplay between the intrinsic mechanism caused by Berry curvature and extrinsic mechanisms due to scattering remains unclear in FM WSMs. In this contribution, we present a thorough investigation of both the extrinsic and intrinsic AHE in a new family of FM WSMs, PrAlGe 1−x Si x , where x can be tuned continuously. From DFT calculations, we show that the two end members, PrAlGe and PrAlSi, have different Fermi surfaces but similar Weyl node structures. Experimentally, we observe moderate changes in the anomalous Hall coefficient (R S ) but significant changes in the ordinary Hall coefficient (R 0 ) in PrAlGe 1−x Si x as a function of x, confirming a change of Fermi surface. By comparing the magnitude of R 0 and R S , we identify two regimes; |R 0 | < |R S | when x ≤ 0.5 and |R 0 | > |R S | when x > 0.5. Through a detailed scaling analysis, we discover a universal anomalous Hall conductivity (AHC) from intrinsic contribution when x ≤ 0.5. Such universal AHC is absent when x > 0.5. Thus, we point out the significance of the extrinsic mechanisms in FM WSMs and report the first observation of a transition from intrinsic to extrinsic AHE in PrAlGe 1−x Si x .
I. INTRODUCTION
The Hall effect in ferromagnets is commonly characterized by the following empirical formula for the Hall resistivity ρ xy 1,2 :
where R 0 and R s are ordinary and anomalous Hall coefficients, respectively. The ordinary Hall effect (ρ O xy ) is linearly proportional to the applied field (H z ) through R 0 which is simply determined by carrier concentration in a single-band metal. The anomalous Hall effect (AHE) ρ A xy , however, is proportional to the ferromagnetic moment M z through R S and can be due to a complicated combination of extrinsic and intrinsic mechanisms. The main extrinsic mechanisms are skew-scattering 3 and side-jump 4 , both of which are related to the scattering between electrons and impurities with spin-orbit coupling. In contrast, the intrinsic (Karplus-Luttinger) mechanism originates from an anomalous velocity due to a phase shift in the electronic wave-packet which is independent of impurities 5, 6 . Since the reformulation of the intrinsic mechanism in terms of Berry curvature 6, 7 , this concept has been successfully applied to explain the AHE in the canonical AHE material, bcc iron 8 . The intrinsic mechanism is gaining increasingly more attention because it is also applicable to the AHE in Weyl semimetal (WSM) where the Weyl nodes, monopoles of Berry curvature, can potentially generate a large AHE 9 . Recently, several WSMs have been found to exhibit such large AHE, in-cluding pyrochlore iridates (Nd 2 Ir 2 O 7 ) 10, 11 , Heusler and half-Heusler compounds (Co 2 MnGa, GdPtBi) [12] [13] [14] , and ferromagnetic (FM) WSMs such as shandite structures (Co 3 Sn 2 S 2 ) 15 . All of these discoveries have been interpreted as intrinsic AHE and overlooked the importance of the extrinsic contribution. For example, in the topological ferromagnet Fe 3 Sn 2 , the intrinsic contribution to AHE is confirmed via a scaling analysis, but the extrinsic contribution could be five times larger than the intrinsic one 16, 17 . Also, most studies of AHE are based on one single compound and therefore, can not distinguish the extrinsic from intrinsic contributions. One experimental approach to address this issue would be to maintain the structure of the Weyl nodes but change the Fermi surface (or vice versa) across a series of compositions and find out the relative magnitude of extrinsic and intrinsic AHE. This is precisely the subject of the present article that explores such a possibility in the FM WSMs PrAlGe 1−x Si x . We study the AHE in PrAlGe 1−x Si x with x = 0, 0.25, 0.5, 0.7, 0.85 and 1 to investigate both intrinsic and extrinsic contributions to the AHE in this tunable FM WSM family. Although the two endpoints PrAlGe and PrAlSi are both FM WSMs with equal number of Weyl nodes, we reveal a transition of the AHE from an intrinsic regime (x ≤ 0.5) to an extrinsic regime (x > 0.5). The significance of our results is two fold. First, we demonstrate the importance of extrinsic contributions to AHE even in a FM WSM with robust Weyl nodes. Second, we reveal a transition from intrinsic to extrinsic AHE in the same family of FM WSMs and show the possibility of tuning AHE in topological semimetals.
II. EXPERIMENTAL METHODS
Crystal growth-Single crystals of PrAlGe 1−x Si x were grown using a self-flux method from Pr ingots (99.00%, Alfa Aesar), Al lumps (99.5%, Alfa Aesar) Ge pieces (99.999%+, Alfa Aesar) and Si lumps (99.999%+, Alfa Aesar). The starting chemicals were mixed with the mole ratio Pr:Al:Ge:Si = 1:10:1 − y:y, placed in a crucible inside an evacuated quartz tube, heated to 1000 • C at 180 • C/hour, stayed at 1000 • C for 12 hours, cooled to 700 • C at 6 • C/hour, and annealed at 700 • C for another 12 hours. Then, the tube was centrifuged to remove the excess Al flux. All crystals of PrAlGe 1−x Si x were plate-like with the surface of the plate normal to the caxis and its edges along the a-axis. The chemical composition of each crystal was determined by energy dispersive X-ray spectroscopy (EDX) using a ZEISS Ultra-55 filed emission scanning electron microscope equipped with an EDAX detector. Our EDX analysis in Appendix A shows that x = y in PrAlGe 1−x Si x samples grown with y = 0, 0.5, and 1. However, samples with y = 0.75 and 0.9, turn out to have x = 0.7 and 0.85, respectively (Table I in Appendix A) .
We note that in the literature, single crystals of PrAlGe made by flux growth and floating zone technique show slightly different properties 18, 19 . The resistivity and magnetization behavior of our PrAlGe samples behave similarly to the ones studied in Ref. 18 with a residual resistivity ratio RRR ≈ 2.2 that is 70% larger than RRR ≈ 1.3 in Ref. 19 . Also, the EDX results in Appendix A show that our samples are not Al-rich unlike the samples in Ref. 19 due to a smaller quantity of Al-flux used here.
Measurements-Electrical resistivity was measured with a standard four-probe technique and the heat capacity was measured with a relaxation time method in a Quantum Design physical property measurement system (PPMS) Dynacool. The dc magnetization experiment was conducted on the vibrating sample magnetometer in a Quantum Design MPMS3. The high-field experiment was performed in a 35 T dc Bitter magnet inside a 3 He fridge at a base temperature of 300 mK, at the National High Magnetic Field laboratory in Tallahassee. All samples used for transport measurements were carefully sanded to remove the residual Al-flux and to have the ideal bar geometry for the determination of resistivity.
Calculations-Electronic structure calculations were performed within the framework of density functional theory (DFT) using the experimental lattice parameters and a projector augmented wave (PAW) method implemented in the Vienna ab-initio simulation package (VASP) 20 . The exchangecorrelations were included using a generalized gradient approximation (GGA), and the spin-orbit coupling (SOC) was included self-consistently 21, 22 . The on-site Coulomb interaction was added for Pr f -electrons within the GGA+U scheme with U eff = 6 eV. A Wannier tight-binding Hamiltonian was obtained from the ab-initio results, using the VASP2WANNIER90 interface, which was subsequently used in our topological properties calculations 23 .
Second Harmonic Generation-The second-harmonicgeneration (SHG) data were taken at normal incidence on the [101] face of as-grown crystals for incoming/outgoing wave- lengths 1500/750 nm as a function of the incoming field polarization and measured for emitted light polarized parallel to [010] crystalline axis. In this geometry, all bulk contributions to SHG from a I4 1 /amd space group are forbidden, including bulk magnetic dipolar, electric quadrupolar, and electric-field induced SHG.
III. RESULTS AND DISCUSSIONS

A. Crystal Structure
PrAlGe and PrAlSi are both WSMs due to broken inversion symmetry 24 similar to the archetypal WSM, TaAs 25, 26 . However, they undergo an FM transition at T C = 15-17 K unlike TaAs which remains non-magnetic at all temperatures. As shown in Fig. 1 Note that the coercive field is less than 0.1 T, so the hysteresis loop is not visible on this scale. centrosymmetric space group I4 1 md. The point group C 4v is confirmed by SHG refinements in Appendix B. This structure is characteristic of the entire RAlSi(Ge) family (R = rareearth), and generally leads to the appearance of Weyl nodes in their band structure 24 as observed in LaAlGe, 27 CeAlGe, 28 PrAlGe, 18 and CeAlSi 0.3 Ge 0.7 . 29 . As we will see, the number and positions of the Weyl nodes are similar in PrAlGe 1−x Si x at different x but the Fermi surface significantly changes across the series, giving rise to two regimes of AHE in the PrAlGe 1−x Si x family.
B. Magnetic Properties
A combination of magnetization and heat capacity measurements reveal the FM order, hence the breaking of timereversal symmetry. The magnetic properties are similar among PrAlGe 1−x Si x samples as seen in Fig. 2 that shows representative data at x = 0, 0.5, and 1. The magnetic susceptibility is two orders of magnitude larger when measured with H c (χ c in Fig. 2(a) ) compared to H a (χ a in Fig. 2(b) ), indicating a strong Ising-like magnetic anisotropy. Based on a Curie-Weiss analysis (see Appendix C), the three samples have comparable Weiss temperatures Θ W = 30−40 K and effective moments µ eff = 3.4 − 3.7 µ B as expected from Pr 3+ (3.56 µ B ). The FM transition temperature T C is evaluated from the peak to PrAlSi. Although the Fermi surfaces are quite different between the two compounds, their Weyl node structures as shown in Figs. 3(e,f) are quite similar. Both compounds have 40 Weyl nodes located at similar locations in the Brillouin zone. Note that, the preservation of topological properties with the substitution of elements is not always guaranteed 30 , and such a preservation in the PrAlGe 1−x Si x family makes it a great platform to study the competition between intrinsic and extrinsic mechanisms of AHE. zero-field data, thus a strong MR at all temperatures from 1.8 to 300 K. A continuous evolution of the MR is observed between these two limits in the rest of the PrAlGe 1−x Si x samples in Figs. 4(b-e) .
We present field dependences of both MR and Hall effect (ρ xy ) in Fig. 5 . A weak MR is observed in PrAlGe as a function of field at T = 30 K (above T C ) in Fig. 5 (a) cosistent with Fig. 4(a) . The MR gradually increases with increasing x in the PrAlGe 1−x Si x series. Eventually, the MR in PrAlSi (x = 1) becomes 100 times larger than the MR in PrAlGe (x = 0). This behavior is more pronounced at T = 1.8 K (below T C ) in Fig. 5(b) . We zoom in the low-field MR data in Fig. 5(c) to show the negative MR due to magnetic fluctuations in all samples. Although the negative MR is more pronounced in samples with higher x at T = 1.8 K, it never exceeds 4% and disappears at T > 2T C as seen in Fig. 4 . Figure 5(d) shows a variation of the Hall resistivity ρ xy (H) between different samples at T = 30 K (above T C ). The slope of the Hall resistivity dρ xy /dH is small and positive at H > 1 T in PrAlGe; it gradually increases with increasing x and be- comes significantly larger in PrAlGe 0.15 Si 0.85 . Eventually, it shows an abrupt downturn in PrAlSi (at H > 1 T). This behavior is consistent with our DFT calculations that show smaller hole pockets with increasing Si-content x in Fig. 3 . A gradual weakening of the antibonding orbital overlaps between the p-orbitals of Al and Ge/Si with increasing x in PrAlGe 1−x Si x leads to smaller hole and larger electron Fermi surfaces. The ρ xy behavior at high fields remains unchanged at T = 1.8 K (below T C ) as seen in Fig. 5(e) . A zoom-in view at low-fields in Fig. 5 (f) reveals the anomalous Hall effect (AHE) in all samples at T = 1.8 K characterized by a rapid increase of ρ xy (H) until H = 0.5 T followed by a linear field dependence from H = 0.5 to 1 T. In the next section, we examine the AHE in detail and reveal a transition from intrinsic to extrinsic AHE in PrAlGe 1−x Si x .
E. Anomalous Hall Effect
We present two separate analyses to investigate the AHE. The first analysis is based on Eq. 1 to differentiate the relative magnitudes of the ordinary and anomalous Hall coefficients (R 0 and R S ) in PrAlGe 1−x Si x . The details of extracting R 0 and R S are presented in Appendix D. We plot both R 0 and R S as a function of x in Fig. 6(a) to reveal a crossing between the magnitudes of R 0 and R S at x = 0.5 so that |R 0 |/|R S | < 1 at x ≤ 0.5 but |R 0 |/|R S | > 1 at x > 0.5. The magnitude of R S moderately decreases with increasing x at x ≤ 0.5 and remains nearly unchanged afterwards. Whereas R S shows only mild variations, R 0 shows considerable variations with x due to the change of Fermi surface shown in Fig. 3 . R 0 is positive and increases slowly between x = 0 and 0.5, then increases rapidly until x = 0.85, and finally becomes negative abruptly at x = 1. Both the different |R 0 |/|R S | ratios and different behaviors of the two Hall coefficients at x ≤ 0.5 and 0.5 suggest a transition from one regime to another at x = 0.5. These observations motivate our second analysis.
We follow the empirical analysis which was first proposed by Tian et al. 17 on iron thin films and was later justified theoretically 31, 32 . The analysis assumes a material not in the clean limit where the residual resistivity ρ xx0 plays an important role and the phonon scattering does not. These conditions are satisfied in PrAlGe 1−x Si x where RRR < 4 and the AHE occurs below 17 K so phonon scattering is negligible. Under such circumstance, the AHE can be described as
where the coefficients α, β , and b parametrize the skewscattering, side-jump, and intrinsic contributions to ρ A xy . The first two parameters depend on the impurity scattering in a specific sample, but the parameter b is independent of scattering. In general, the side-jump mechanism could also contribute to b through the same ρ 2 xx dependence 32, 33 . However, in a material with topological band structures, we expect the intrinsic contribution to be dominant. Dividing both sides of Eq. 2 by ρ 2 xx (and assuming that ρ xx ρ A xy ) 34 yields:
where σ xx0 = 1/ρ xx0 is the residual conductivity and σ A xy = −ρ A xy /ρ 2 xx is the anomalous Hall conductivity (AHC). The first term in Eq. 3 depends on the residual conductivity and is sample dependent. However, the second term (b) is sample independent and constitutes the intrinsic contribution to the AHC. Following Eq. 3, we measured two to three samples for each composition of PrAlGe 1−x Si x , and determined b from the intercept of a linear fit to σ A xy as a function of σ 2 xx . For example, the three data sets with green triangles in Fig. 6 (b) correspond to three samples of PrAlGe 0.5 Si 0.5 . Their respective linear fits have different slopes showing different disorder levels, thus different α and β fitting parameters in Eq. 3. However, all three lines end at the same intercept (b) in the limit of σ xx → 0. The convergence of all linear fits strongly suggests an intrinsic mechanism for the AHE, which does not depend on the details of disorder level and only cares about the overall band structure. Interestingly, b seems to be the same in the three compositions x = 0, 0.25, and 0.5 which is reasonably justified by the similar nodal structure of all PrAlGe 1−x Si x as illustrated in Fig. 3(c,f) . Also, the magnitude of σ int xy = −b ≈ 10 3 Ω −1 cm −1 is consistent with the magnitude of the resonant AHE caused by the intrinsic mechanism 35, 36 . Therefore, Fig. 6(b) suggests a universal intrinsic AHE in samples with x ≤ 0.5. In contrast to Fig. 6(b) , Fig. 6(c) shows that the parameter b varies randomly among samples with x > 0.5, hence the absence of a universal σ int xy . The failure of the scaling analysis suggests a predominantly extrinsic contribution to the AHC. Thus, we conclude that the AHE evolves from an intrinsic regime (x ≤ 0.5) to an extrinsic one (x > 0.5) in PrAlGe 1−x Si x , despite similar Weyl node structures in both end members, PrAlGe and PrAlSi.
F. Discussion
Finally, we compare the AHE in PrAlGe 1−x Si x family of FM WSMs to the one in Co 3 Sn 2 S 2 , which is also an FM WSM. Co 3 Sn 2 S 2 exhibits a very large AHE but its Weyl nodes are located at 60 meV above E F 15 . In both PrAlGe and PrAlSi, we found that there are 40 Weyl nodes in their band structures (see Appendix F for details). Besides, most of them are less than 60 meV away from E F ; some of them are even only few meV away in PrAlSi. Although the Weyl nodes in PrAlGe 1−x Si x are closer to E F , compared to those in Co 3 Sn 2 S 2 , PrAlGe 1−x Si x shows smaller AHC. This comparison does not follow the common wisdom that since Weyl nodes are like singularities of Berry curvatures, if they are located near E F the system should exhibit a huge AHC 9 . Also, the extrinsic contribution seems to be significant for all compositions among PrAlGe 1−x Si x even in the intrinsic regime with well-defined σ int xy . In Fig. 6(b) , it seems that the extrinsic contribution actually competes against σ int xy , and eventually changes the sign of σ xy within the observable range. Our finding thus reveals the potential inertness of Weyl nodes' contributions to AHE even if the Weyl nodes are very close to E F . More studies on different FM WSMs will help clarify this point and the hierarchy of different contributions to AHE in systems hosting topological band structures. the [101] axis, denoted I V (φ ); incoming polarization rotating, outgoing polarizer rotated at 0 • angle relative to the incoming polarization, denoted I (φ ); and incoming polarization rotating, outgoing polarizer rotated with polarization axis at 90 • angle relative to the incoming polarization, denoted I ⊥ (φ ). In the electric dipole approximation, the mathematical forms of these various responses for the [101] crystal face in the I4 1 md space group (C 4 v point group) are given by The data were fit to expressions [B1-B4] accounting for a rotation of the sample axes relative to the laboratory x-axis to produce excellent fits to the data, as seen in Fig. 7 . The competing space group assignment I4 1 /amd (point group D 4h ) is centrosymmetric and thus should not produce as strong of a SHG response as we have shown here. 
